ABSTRACT This paper presents a system architecture to accomplish over-the-horizon communications with medium-sized unmanned aerial vehicles (UAV) in order to enhance its autonomy and maximum range. This architecture is based on using a second UAV as a communication relay with a compact active circular array with separated transmitting and receiving elements at C-band. The designed active feeding network provides switching capabilities in order to selectively activate these elements depending on the desired direction of the antenna beam, achieving maximum equivalent isotropic radiated power (EIRP) in transmission and maximum antenna gain in reception. In this way, a bidirectional long-range link for telemetry, telecommand, and high-resolution video can be deployed between UAVs providing high quality of service, reliability, and moderate data throughput at an affordable cost. Based on the measurements of a manufactured prototype, the maximum range of the deployed air-air link using the designed system is estimated in 20 km, considerably increasing the performance of current systems based on the use of omnidirectional antennas onboard UAVs.
FIGURE 1.
Over-the-horizon UAV-relay system for long range dual channel communication (bidirectional telemetry and telecommand and downlink high bandwidth video). The relay and mission UAVs maintain a line-of-sight link using the proposed electronic steerable antenna system.
In this paper, a long-range OTH communication system for UAVs with high quality of service, moderate data throughput and affordable cost is proposed based on the use of a second UAV as a communication relay, as shown in Fig. 1 . This relay UAV should fly close to the ground station in order to guarantee line-of-sight connectivity, but at a sufficient altitude to avoid terrain obstacles that could block the air-air link between the relay UAV and the mission UAV. Besides, this communication system provides bidirectional coverage for telemetry and telecommand, and a high-capacity downlink for high-resolution video or equivalent payload sensors.
Several works have analysed the use of UAVs as communication relays in order to extend the coverage area and operational range of the mission UAV and increase data throughput [8] - [10] , showing the great potential of this system architecture. In [11] , the usage of directional antennas mounted on rotating platforms with heading control is proposed in order to increase the communication range of this relay architecture.
The key point of this paper is the design and manufacturing of a communication system at C band (5 GHz), including both the RF front end and the antenna system, which can be mounted onboard medium-sized UAVs to provide this relay capability using highly reliable electronically steerable antennas. In this way, the increased antenna gain allows to achieve a longer maximum range and greater flight autonomy for UAVs than current communication systems, without the need of mechanical scanning devices.
Our proposed system is based on a compact active circular array with separated transmitting and receiving elements at C band and it can be installed onboard medium-sized UAVs for air-air links. In addition, it can be steered over the whole 360 • azimuth range depending on the relative position between the relay and mission UAVs in order to obtain maximum equivalent isotropic radiated power (EIRP) in transmission and maximum antenna gain in reception, improving the performance of those systems based on the use of omnidirectional antennas.
The application of smart antennas and phased-arrays with tracking systems for ground stations has been developed during the last few years [12] , [13] , and they are in operation for medium and large-sized UAV communication systems. In this regard, the usage of distributed access points with multiple antennas, exploiting both space diversity and array gain, has been proposed in [14] to provide ultra-reliable and low-latency communications between ground stations and UAVs. However, there hardly exists any similar system for airborne platforms.
H. C. Nguyen et al. [15] analysed different techniques that improve the throughput and reliability of the UAV connectivity over cellular networks. Among these techniques is the antenna beam selection technique, which can be implemented by the use of conformal arrays mounted on the UAVs with beam switching capabilities.
Conformal arrays with beam switching capabilities based on passive feeding networks have been presented in [16] and [17] . Jaeck et al. [16] developed a conical antenna at C band made of four switched 3-element subarrays spaced by 90 • in the azimuth plane with beam steering capabilities in the elevation plane. In this case, a complex control system is required to apply the suitable driving signals to the phase shifters of the beamforming network. Sanchez-Olivares et al. [17] presented a compact eight-element circularly conformal array antenna at S band, but its feeding network only allows four switched beams of 90 • angular separation in azimuth. This low angular resolution entails approximately a 10 dB antenna gain loss at the boundaries of the sector covered by each switched beam.
Taking into account compactness, manufacturing cost and control complexity as design criteria, our conformal circular antenna array is based on the same compact geometry as [17] , implementing an eight-faced regular prism, but our developed feeding network allows a more flexible activation of the antenna elements and an angular resolution of 45 • between switched beams, limiting the antenna gain loss to 3 dB at the boundaries of each sector. In order to extend the maximum communication range of the system, our feeding network includes active transmitting and receiving paths, increasing the EIRP in transmission and enhancing the noise figure in reception. Besides, the use of separated transmitting and receiving elements improves the isolation between transmitting and receiving paths, allowing the frequency-division duplex (FDD) operation. This paper is organized as follows. Section II presents the architecture of the system and its different modules. In Section III, the design of the circular antenna array is explained, and the measurements performed of the manufactured prototype are shown. The design and prototyping of the RF front end to provide beam switching capabilities, including the transmitting and receiving branches, and the performance estimation of the integrated system based on measurements are presented in Section IV. Finally, concluding remarks are drawn in Section V. FIGURE 2. System architecture divided into: a common module with a dual modem configuration (Telemetry and telecommand -TMTC-modem and video modem) and active transmitting feeding paths, receiving modules for each antenna receiving element, control circuit, power circuit, and antenna system based on two separated circular arrays for transmission and reception with eight patches each. Single-pole, four throw (SP4T) switches are connected to the transmitting antenna elements in a way that allows to activate simultaneously two adjacent elements. (Notation: IL = Insertion loss; I n,m = Isolation from port n to port m; G = Power gain; P 1dB = 1 dB compression point; NF = Noise figure).
II. SYSTEM ARCHITECTURE
The frequency band designated for the system is the C band, particularly from 5030 to 5091 MHz, which is allocated for UAV control and non-payload communications (CNPC) [18] .
As shown in Fig. 2 , our system consists of the following modules: a common module that includes both modems for Telemetry and Telecommand (TMTC) and video transmission (dual modem configuration), the transmitting branch and the common receiving branch up to the eight-way power divider; the receiving modules for each antenna element which can be activated depending on the desired beam direction; the control module that selectively activates each radiating element by commanding the switches and the enable circuits of the power amplifiers; the power module that provides energy supply to each active device, and the antenna system composed of two eight-element circular arrays for separated transmission and reception. In this way, an active and electronically steerable array is implemented in order to increase the antenna gain and, therefore, the maximum range of the mission UAV in comparison with the usage of omnidirectional antennas.
This proposed system allows the implementation of beam-switching techniques to cover the whole 360 • azimuth range using directional antennas. In this way, as shown in Fig. 3 , the antenna beam direction can be controlled by selectively activating different radiating elements depending on the relative position between UAVs.
Including phase shifters in the RF front-end would additionally allow to steer the beam continuously in each sector, reducing the antenna gain loss at its boundaries and making the use of radiating elements with higher directivities possible, at the expense of a higher control complexity. In this case, the application of a phased array would require a more accurate positioning and tracking system of both UAVs with a fast update rate due to the agile dynamics of these aerial platforms. However, these antenna modules would not meet our requirements of compactness and low control complexity to be mounted on medium-sized UAVs. For this reason, we considered beam switching as a compromised solution to provide higher directivities than omnidirectional antennas but with a control system of low complexity. Taking this into account and the required compactness, we designed our RF front-end, radiating elements and array geometry to provide certain directivity while limiting the antenna gain loss at the boundaries of the beam-switching sectors.
A. COMMON MODULE
The common module includes two modems: one for TMTC transmission [19] , and the other for high resolution video transmission [20] . These modems are multiplexed in frequency in order to be able to work simultaneously without interfering each other since they share the same transmission and reception paths. In turn, each modem employs time-division duplexing (TDD) to separate transmission and reception, but the developed system can also work with FDD modems.
The control information sent by the TMTC modem using Gaussian minimum-shift keying (GMSK) modulation includes telemetry, telecommands, location and system information and it requires a reliable and robust bidirectional link with narrow bandwidth. On the other hand, the video captured by the mission UAV is streamed by the video modem using coded orthogonal frequency division multiplexing (COFDM) modulation with adaptive modulation and coding (AMC) scheme based on the signal-to-noise ratio (SNR) of the link. This video information requires a bidirectional link but quite asymmetrical. The overall bandwidth available for both links is 61 MHz in the designated frequency band.
The modem signals go to a 3 dB coupler, which is connected to the transmission and reception branches. This coupler should have a relatively high isolation and return losses in order to avoid high incident power in the modems due to reflections and crosstalk, which could affect their performance. In the transmission branch, there is a variable attenuator in order to adapt the output transmitted power of the modems to the required level. Then, the transmission feeding network is composed of a 3 dB Wilkinson power divider that separates the branch into two paths in which the signal is amplified by high power amplifiers (HPA) and filter to limit the transmitted bandwidth according to regulation. Finally, each path is connected to a single-pole, four throw (SP4T) switch, which allows to select one out of the four connected antenna patches of the eight-element circular transmitting array. In this way, the system selectively transmits through two adjacent antenna elements achieving an electronically steerable radiation pattern as will be discussed in the following sections.
In the reception branch of the common module, the receiving modules are connected to an 8-way power combiner. In this case, as well as activating two adjacent antenna elements, it is also possible to select only one antenna element to receive because the receiving modules can be disabled. This will let the system to define the beam direction of the receiving radiation pattern. Finally, to protect the components of the reception branch, an isolator is connected between the power divider and the 3 dB coupler.
B. RECEIVING MODULES
Each antenna element of the receiving circular array is connected to a receiving module which is essentially an amplification and narrowband-filtering stage to adapt the received signal to the power requirements and eliminate interfering bands. In these receiving modules, as shown in Fig. 2 , firstly, a band-pass filter removes the non-desirable frequency components of the signal received by the antenna. Secondly, a low noise amplifier (LNA) increases the power of the signal and avoids degradation of the noise factor of the system. This is followed by another band-pass filter and a second amplification stage with a high P1dB in order to avoid saturation of the receiving chain. Finally, the signal is band-pass filtered again and a variable π attenuator can regulate the chain gain to provide the module with a certain level of freedom.
C. ANTENNA SYSTEM AND CONTROL AND POWER MODULES
The antenna system is based on two eight-element circular arrays, one for reception and the other for transmission, in order to guarantee a good isolation between transmitting and receiving channels. Each array consists of eight circular patches, although only two patches are activated simultaneously for transmission and one or two for reception. Thus, their beam direction can be electronically steered depending on the relative angle between the mission UAV and the relay UAV. Each patch antenna of the transmitting array is connected directly to an output on one SP4T switch by a coaxial cable and SubMiniature version A (SMA) connectors in order to reduce the losses. On the other hand, each element of the receiving array is connected to a receiving module mounted on the rear side of the ground plane of the antenna.
The control module consists of a microcontroller that decides which patches are activated depending on the second UAV position and the measured received power, following an adaptive switching scheme.
Finally, the power module provides energy supply to each active device. Since the voltage supply is provided by the UAV battery, which is a noisy source, this module filters and regulates the power.
III. ANTENNA SYSTEM DESIGN
The antenna system consists of a double circular array of eight elements with separated transmission and reception, whose preliminary design was described in [21] . As said before, these elements are selectively activated depending on the desired beam direction. Thanks to the designed feeding network, in transmission, two adjacent elements can be activated in order to obtain maximum equivalent isotropic radiated power (EIRP), whereas in reception, one or two adjacent elements can be selected in order to obtain maximum antenna gain. Switching the activated receiving and transmitting elements allows to define the beam pointing of the directional antenna, which is the main characteristic of this system to enhance the maximum range of the mission UAV in beyond line-of-sight (BLOS) or over-the-horizon (OTH) situations.
A. ANTENNA ELEMENT
The antenna element, which operates at a center frequency of 5.0605 GHz, consists of two microstrip circular patches with vertical polarization for separated transmission and reception, as shown in Fig. 3 . The specifications of this element are shown in Table 1 . The selection of a patch antenna as the radiating element has been made regarding its small size, low profile, simple geometry and low cost. The preliminary design of the radiating element to work at 5.065 GHz based on [22] has been optimized to reduce the return loss in the operating bandwidth (5.03-5.091 GHz) using Computer Simulation Technology (CST) software and considering standard manufacturing thicknesses for the different layers.
Each radiating element consists of one circular patch with a radius (Dp/2) of 13.7 mm, a coaxial to microstrip transition stacked between three substrate layers and a rectangular ground plane. The length (L) and width (W) of the substrates and the ground plane is 58 × 30 mm. Fig. 3 also shows the distribution of the different layers. The top layer, where the patch is placed, corresponds to a 0.254 mm-thick (Hs) FR-4 substrate (dielectric constant ε r = 4.3 and loss tangent tan δ = 0.025 at 10 GHz) with a 35 µm copper metallization for the patch. This layer is followed by a 3 mm-thick (Hf) foam sheet and a 4 mm-thick (Ha) aluminium ground plane. At the back of the ground plane, an SMA connector or the printed circuit board (PCB) of the receiving module will be placed for the transmitting and receiving elements, respectively. Fig. 4 and optimized by CST software, considering standard manufacturing thicknesses for the different layers, to minimize the return loss in the operating bandwidth (5.03-5.091 GHz), adjust the 3 dB elevation beamwidth to 50 • and improve the isolation between transmitting and receiving elements. However, for the design, manufacturing and measurement of the antenna element prototype, a 0.508 mm-thick (Ht) TLY-5A Taconic substrate (ε r = 2.17 and tan δ = 0.0009 at 10 GHz) with a 35 µm copper metallization will be used instead of the receiving module. In this layer, a microstrip line is placed to feed the antenna.
The feeding of the circular patch is located at a distance (D) of 5.7 mm from the center. At this point, the patch is soldered to the conductor of a coaxial cable, which connects it with the feeding microstrip line of the antenna element prototype. Furthermore, planes of aluminium are situated at the top and bottom sides of each patch antenna to reduce the electromagnetic interference from the rest of the array, improve isolation between receiving and transmitting arrays, adjust the 3 dB elevation beamwidth to 50 • and increase antenna directivity. These planes have a length (Lp) of 20.5 mm. Table 2 summarizes the dimensions of the antenna element.
B. ANTENNA ARRAY PROTOTYPE AND MEASUREMENTS
The designed antenna array structure is shown in Fig. 5 . This antenna system is composed of two circular array of eight radiating elements. The top array is used as the transmitting antenna, where two adjacent radiating elements are activated simultaneously depending on the desired beam direction. VOLUME 7, 2019 FIGURE 6. Front, rear and side views of the manufactured prototype of an array element with both transmitting and receiving patches. The bottom array is used for simultaneous reception and, in this case, one or two adjacent radiating elements are activated in order to obtain the maximum receiving antenna gain in the direction of the mission UAV. The transmitting and receiving antennas are separated by aluminium material in order to improve isolation. Fig. 6 shows the manufactured prototype of an array element with both transmitting and receiving patches. Considering the geometry of a 2 × 2 element configuration including both transmitting and receiving antennas, as shown in Fig. 7 , the simulated and measured S-parameters with respect to element 1 are represented in Fig. 8 . The measured reflection coefficient response has been shifted in comparison with the simulated result in CST because a 0.2 mmthick substrate was used for the manufactured prototype instead of the 0.254 mm-thick substrate used in simulations. Nevertheless, a return loss higher than 20 dB is still obtained for each element in the considered operating bandwidth. Besides, the measured isolation between transmitting and receiving elements is above 35 dB, whereas the isolation between adjacent transmitting or receiving elements is about 30 dB. Fig. 9 shows the simulated and measured radiation patterns at 5.0605 GHz and Fig. 10 shows the maximum antenna gain in the beam direction as a function of frequency when activating one or two adjacent radiating elements of the considered configuration. In general, measurements show good agreement with simulations, achieving a maximum antenna gain of about 10 dB in the operating band when activating two adjacent elements or 8.4 dB when activating a single element. However, the radiation pattern of element 3 exhibits a 1 dB loss in its maximum gain with respect to simulation possibly due to manufacturing inaccuracies of this radiating element since this decline is not shown in the radiation pattern of element 1. The measured half power beamwidth (HPBW) obtained in the horizontal plane for the considered configuration is 87 • and 49 • when activating, respectively, one or two adjacent radiating elements. Regarding the vertical plane, the measured HPBW is above 50 • for the considered situations. Therefore, the presented measurements of the manufactured prototype meet the requirements of the antenna system.
IV. RF FRONT END
Besides the antenna system, the RF front end is one of the key parts of our proposed design because it connects the data modems with the antennas and includes the switching network that controls which antenna elements are activated depending on the desired beam direction. As shown before in the system architecture (Fig. 2) , the RF front end is divided into a common module and several receiving chains, whose design and measurements results are presented in this section.
A. DESIGN
The main specifications of the RF front end are summarized in Table 3 . The receiving chain should provide enough amplification gain in order to avoid the decline of the SNR due to the noise generated by the UAV engines in the modems, whose power is independent of this amplification gain. Therefore, a minimum gain of 10 dB is required in each receiving chain to guarantee that antenna and thermal noise are higher than engine noise. The isolation between transmitting and receiving chains in order to avoid the saturation of the receiving chain amplifiers should be higher than 35 dB. This value is achieved by the isolation between transmitting and receiving antenna elements, as shown in the measurements of the manufactured antenna presented in the previous section. Based on the block diagram shown in Fig. 2 , the common module, which includes a transmitting branch with active switching capabilities and a receiving branch that combines the output of the eight receiving chains, is assembled in a single PCB. The modems transmit an output power above 28 dBm. The 3 dB coupler which separates the transmitting and receiving branches has an isolation of about 30 dB and an insertion loss of 0.3 dB.
Regarding the transmission branch, the variable attenuator allows to adjust the transmitting power to avoid saturation. The Wilkinson divider has an isolation of 30 dB and an insertion loss of 0.4 dB. The power amplifiers have a gain of 18.5 dB and an output 1 dB compression point (P1dB) of 36 dBm, whereas the filters have a narrow band from 5 to 5.1 GHz with an insertion loss of 0.7 dB. Finally, the SP4T switches have an insertion loss of 0.7 dB and they allow to activate the two adjacent radiating elements that achieve the maximum EIRP in the direction of the mission UAV. In this way, the output power of each transmission chain is above 34 dBm, achieving a maximum EIRP of about 47 dBm in the direction of the beam when combining two adjacent active elements.
In the receiving branch, the eight-way combiner has an insertion loss of 0.9 dB. Besides, the isolator has an insertion loss of 0.9 dB, an isolation of 38 dB from output port to input port and a maximum incident power in the output port of 37 dBm.
Each receiving chain is assembled on the rear part of each array element using grounded coplanar waveguide technology. Both low noise amplifiers have a gain of 9 dB, a P1dB of 24 dBm and a noise factor of 1.65 dB. The filters have a narrow band from 5 GHz to 5.1 GHz in order to avoid interferences from other bands and they have an insertion loss of 0.7 dB, 1.2 dB and 0.7 dB, respectively. Finally, the attenuator, whose attenuation should be lower than 5 dB, allows to adjust the received power level to a suitable value. In this way, a total gain of the receiving chain higher than 10 dB is guaranteed. Besides, the noise factor of the receiver branch is 3.5 dB. Fig. 11 shows a manufactured receiving chain with a 4 dB π attenuator assembled on the rear part of an array element. The measured S-parameters of this receiving chain, considering the input (antenna port) as port 1 and the output as port 2, are represented in Fig. 12 . The reflection coefficient is below -20 dB and the total gain is 11.5 dB with a 0.6 dB ripple in the operating band. These values are in agreement with the specifications of the components. Fig. 13 shows the output power of the receiving chain as a function of the input power at 5.0605 GHz in order to analyse its saturation. The 1 dB compression point is reached at an input power level of 6.8 dBm achieving an output power of 17.3 dBm. According to the specifications of the LNAs and taking into account the attenuation after the second LNA of the receiving chain, this value is 2 dB lower than the expected, possibly due to the actual performance of the LNAs. However, the response is highly linear, which is an important characteristic in order to avoid the distortion of the signal when using non-constant envelope modulation as orthogonal frequency division multiplexing (OFDM).
B. RECEIVING CHAIN PROTOTYPE AND MEASUREMENTS

C. SYSTEM INTEGRATION AND PERFORMANCE ESTIMATION
In order to characterize the performance of the proposed design, a prototype including two transmitting and receiving elements with the corresponding active feeding network was manufactured. This prototype was measured in the anechoic chamber (measurement setup similar to Fig. 7 ) to determine its achieved EIRP and receiving gain. Based on the measurements of this 2 × 2 configuration in which the RF front end and the antenna are integrated, the switched beams in transmission and reception of the whole circular active array can be approximately inferred. Small discrepancies are expected with respect to the actual beams due to manufacturing differences between radiating elements. Fig. 14a shows the EIRP at 1 dB compression point in the horizontal plane of the different beams formed by activating two adjacent transmitting elements. Each beam covers a 45 • sector, achieving a maximum EIRP at 1 dB compression point of 47 dBm and a minimum EIRP of 43.9 dBm in the covered sector.
The total gain in the horizontal plane at the output of the combiner of the receiving chains including the antenna for the different beams formed by activating one or two adjacent receiving elements is represented in Fig. 14b . Depending on the relative position of the UAVs, the maximum receiving gain is achieved by activating one or two adjacent elements. Based on this switching scheme, considering the whole 360 • azimuth range in the horizontal plane, the maximum and minimum receiving gains are 21.4 dB and 18.9 dB, respectively. Besides, the radiation patterns of the switched beams hardly change along the considered operating bandwidth.
The control module of the system selects which elements are activated by commanding the SP4T switches and the enable circuits of the amplifiers based on Global Positioning System (GPS) measurements of both UAVs or scanning the beams to determine which one achieves the highest received signal strength indicator (RSSI) provided by the modems.
Using the software control tool of the video modems which allows to estimate the signal-to-noise ratio (SNR) of a received signal, link measurements in lab conditions were performed by using attenuators to simulate the link attenuation between the transmitting and receiving chains of two separated modems. In this way, we were able to confirm that the video modems can work with the SNR specified in the Digital Video Broadcasting-Terrestrial (DVB-T) standard for video transmission [23] . In this measurement, the required 10 dB SNR for the GMSK modulation of the telemetry and telecommand link was also verified. Therefore, the maximum range of the link can be estimated by using these required SNR and assuming a Gaussian channel, which is suitable for open environments typical of the considered UAV operation [24] .
Taking into account the measurements of the manufactured prototype and the specifications of the modems, the performance of the relay system has been estimated for a transmission channel of 8 MHz based on the following power budget expression to estimate the SNR of the link:
where OBO is the output back-off, G RX is the receiving antenna gain, L p is the propagation loss, B is the channel bandwidth, and F is the system noise figure. Table 4 shows the results of the performed power budget for a link range of 20 km. Given the use of OFDM modulation and simple peak-to-average power ratio (PAPR) reduction techniques such as peak windowing implemented in the modem operation, an output back-off of 5 dB is considered to avoid saturation of the transmitting chains [25] . The transmission losses at 5.1 GHz were computed using the IF77 propagation model following ITU Recommendation ITU-R P.528-3 [26] and ITU Report ITU-R P.2345-0 [27] for an availability of 95% and an altitude of 1000 m for both UAVs. Based on the use of Digital Video Broadcasting-Terrestrial (DVB-T) standard for video transmission, the required SNR is 3.5 dB [23] for a modulation and coding scheme (MCS) with quadrature phase-shift keying (QPSK) constellation and inner code rate of 1/2 considering a non-hierarchical transmission and a Gaussian channel [24] . This MCS achieves a useful bitrate of 5.53 Mbps for a guard interval to useful symbol time ratio of 1/8, which is enough for compressed high-resolution video transmission. In this way, a link margin of 6.75 dB is achieved, which is suitable to compensate the decrease in EIRP and receiving antenna gain due to the radiation pattern and the actual relative position between UAVs, the polarization mismatch losses and possible inaccuracies of the propagation model. Besides, the use of AMC and the calculated link margin allow to obtain higher data throughput in favorable situations.
On the other hand, the telemetry and telecommand link transmits a 100 kHz-bandwidth GMSK modulation which requires a SNR of 10 dB. In this case, the estimated maximum range is above 100 km for an availability of 95%. Consequently, this control link does not limit the autonomy of the mission UAV and shows a great reliability even in demanding situations when outages of the video link may occur. In fact, considering a 20 km-link and an availability of 99%, this control link has an additional link margin of 12 dB based on the IF77 propagation model. It is also important to note that the proposed hardware architecture with low-control complexity does not degrade the latency of the link, which is mainly determined by the selected relay modems and communication protocols [7] . These protocols can be optimized in UAV relay systems [28] to enable lowlatency communications, which are required for UAV control links.
Therefore, thanks to the increased EIRP and receiving gain, the proposed relay system achieves an estimated maximum range of 20 km for high-resolution video transmission, enhancing the autonomy and the operational range of the mission UAV independently of the terrain orography, and maintains a high robustness of the control link. This estimation will be verified in field tests with the actual operational conditions. VOLUME 7, 2019 Table 5 shows a comparison between our work and recently published designs of steerable directional antennas with 360 • coverage which can be employed for UAV-UAV communications. Our proposed design presents improvements in terms of EIRP and beam-switching angular resolution while maintaining a compact size, a low manufacturing cost and a low control complexity.
V. CONCLUSION
In this paper, a UAV communication system at C band has been proposed based on a circular active array antenna with beam switching capability to deploy air-air links and extend the autonomy of current medium-sized UAVs by using a second UAV as a relay. This compact system provides a reliable bidirectional link for telemetry, telecommands and high-resolution video at an affordable cost. The antenna module consists of two circular arrays for separated transmission and reception with eight elements which are selectively activated to achieve maximum EIRP and maximum receiving antenna gain in the desired direction. Based on the experimental characterization of a manufactured prototype, a maximum range of 20 km has been estimated for a 8 MHz transmission channel with 5.53 Mbps useful bitrate, enhancing the performance of current systems based on the use of omnidirectional antennas onboard UAVs.
